**Core tip:** Inter-rater agreement of cerebrovascular reserve (CVR) assessment in CO~2~BOLD is similar to positron emission tomography (PET)/single photon emission computed tomography (SPECT); CO~2~BOLD has a sensitivity of 86% and specificity of 43% compared to PET/SPECT; Overall, CO~2~BOLD tends to over-estimate reduction in CVR compared to PET and SPECT as reference standard; Taking this over-estimation of CO~2~BOLD into account would further improve its sensitivity and specificity; CVR can be assessed using CO~2~BOLD for pre-surgical evaluation and follow-up of moyamoya syndrome patients.

INTRODUCTION
============

The term "moyamoya" means puff of smoke and describes the formation of collateral vessels due to high-grade stenosis of the distal internal carotid and proximal middle cerebral arteries. There are two related forms of the disease. Moyamoya disease is typically symmetric, genetically determined, prevalent notably in Japan and symptomatic at early stages in most cases\[[@B1]\]. In contrast, moyamoya syndrome or pattern is typically asymmetric, caused by a variety of underlying etiologies, more common in European countries with a prevalence of 3/1000000 and usually symptomatic only at later stages of the disease\[[@B2],[@B3]\]. Extracranial-intracranial (EC-IC) bypass is the most important surgical intervention, notably to prevent subsequent ischemic events and secondary hemorrhage\[[@B2],[@B4]\]. The challenge in the follow-up of patients with moyamoya syndrome is the selection of the optimal time-point for the surgical intervention of the EC-IC bypass, as the benefit of prevention of stroke or hemorrhage contrasts the risk of peri-surgical complications of this difficult intervention.

The assessment of the cerebrovascular reserve (CVR) was previously proposed as one option to define the optimal timing for a surgical intervention\[[@B4]-[@B7]\]. Nuclear medicine, notably positron emission tomography (PET) and single photon emission computed tomography (SPECT) based methods, are the established techniques for the assessment of CVR. Disadvantages of these techniques are the radiation exposure, notably during several longitudinal follow-up investigations in moyamoya syndrome patients, the relatively limited availability and high costs compared to magnetic resonance imaging (MRI). Moreover, PET or SPECT imaging does not allow for the assessment of the brain parenchyma to evaluate acute or old vascular lesions, nor the assessment of the vessels to evaluate the progression of the vascular stenosis. The assessment of CVR in MRI would therefore provide a one-stop imaging solution assessing brain structure, vessels and CVR in a widely available and radiation free technique.

The current investigation tests whether carbon dioxide (CO~2~) blood oxygenation level dependent (BOLD) MRI may be used for the pre-surgical assessment of surrogate CVR in moyamoya patients. In principle, the inhalation of CO~2~ induces a vasodilation and as a consequence a BOLD response, which can be measured by dedicated MRI sequences as known from functional MRI\[[@B8]\]. CO~2~BOLD was demonstrated to be safe and feasible in clinical neuroimaging\[[@B9]\] and provided interesting results for example in the assessment of patients with proximal internal carotid artery stenosis both before and after intervention\[[@B10],[@B11]\] as well as for the evaluation of surrogate CVR in adult and pediatric moyamoya\[[@B12]-[@B17]\]. Note that CVR is historically defined as CBF increase following a vasodilator challenge. In contrast, the change in the BOLD signal following the CO~2~ stimulation includes contributions from CBF, cerebral blood volume, and oxygenation changes, and is thus more complex than simple CBF change. Consequently, CO~2~ induced BOLD change is not equal to CVR as classically defined, yet correlated as demonstrated previously\[[@B18]\]. We therefore use the term "surrogate" CVR in the context of CO~2~BOLD.

In particular, we directly compared surrogate CVR assessment based on CO~2~BOLD MRI using a simple nasal cannula setup *vs* PET/SPECT as reference standard in ten consecutive patients with moyamoya syndrome undergoing pre-surgical evaluation for EC-IC bypass.

MATERIALS AND METHODS
=====================

Participants
------------

This retrospective study was approved by the local ethical committee and includes ten consecutive patients (8 women and 2 men with a mean age of 41 ± 26 years, see Table [1](#T1){ref-type="table"}) with moyamoya syndrome undergoing 14 pre-surgical evaluations for EC-IC bypass between November 2010 and August 2014. All patients underwent pre-surgical evaluation for moyamoya syndrome with SPECT and/or PET as part of their clinical routine workup as well as MRI. For these 14 pre-surgical evaluations, we compared the CO~2~BOLD to the SPECT and/or PET assessments of the corresponding time point, and the maximum delay between PET/SPECT and CO~2~BOLD MRI was 36 d. Two cases had both SPECT and PET, but only in one case PET and SPECT were performed at the same time point. For this case, we compared the CO~2~BOLD the consensus of PET and SPECT.

###### 

Essential demographic and clinical data of the included patients

  **No**     **Age**   **Gender**   **Diagnosis**        **Etiology**   **Treatment**      **PET**   **SPECT**   **BOLD**
  ---------- --------- ------------ -------------------- -------------- ------------------ --------- ----------- ----------
  1          53        F            Bilateral moyamoya   Unknown        Bypass             0         1           1
  2          41        F            Bilateral moyamoya   Unknown        Bypass             1         2           3
  3          26        F            Left moyamoya        Unknown        Bypass             1         1           1
  4          15        F            Right moyamoya       Unknown        Conservative       0         1           1
  5          42        F            Bilateral moyamoya   Unknown        Bilateral bypass   0         1           1
  6          39        F            Bilateral moyamoya   Unknown        Bypass             2         0           2
  7          51        M            Right moyamoya       Dissection     Bypass             0         1           1
  8          42        F            Right moyamoya       Unknown        Bypass             0         2           2
  9          46        M            Bilateral moyamoya   Unknown        Conservative       0         1           1
  10         58        F            Bilateral moyamoya   Stenosis       Bypass             0         1           1
  Mean age   41.3                                                       Total              4         11          14

PET: Positron emission tomography; SPECT: Single photon emission computed tomography; F: Female; M: Male.

MRI
---

Imaging data were acquired on a clinical routine whole body 3T MR scanner (MAGNETOM Trio, Siemens Healthcare, Erlangen, Germany).

We deliberately chose a very simple CO~2~ challenge, which was equivalent to previous investigations\[[@B11],[@B19]\]. In essence, the CO~2~ challenge consisted of a 9 min block-design of 1 min OFF, 2 min ON, 2 min OFF, 2 min ON, 2 min OFF (Figure [1](#F1){ref-type="fig"}). During the ON periods, a ready-to use mix of 7% CO~2~ with synthetic air (in a gas bottle outside the MR scanner room) was applied using a simple nasal cannula which was connected using a simple silicone tube. The MR technician manually started and stopped the CO~2~ application at 8 L/min using a standard clinical flow meter. During the OFF periods, participant inhaled normal room air. Data acquisition consisted in a standard echo echo-planar imaging (EPI) covering the entire brain with the following parameters: 74 × 74 matrix, 45 slices, voxel size 2.97 mm × 2.97 mm × 3.0 mm, TE of 30 ms, TR 3000 ms, 180 repetitions.

![Schematic representation of the ON-OFF CO~2~ challenge of 7% CO~2~ applied *via* a simple nasal cannula. The magnitude of the CO~2~ induced change in the blood oxygenation level dependent (BOLD) response represents the cerebrovascular reserve (CVR).](WJR-8-887-g001){#F1}

A structural 3DT1 sequence was collected for spatial normalization (256 × 256 matrix, 176 slices, 1 mm × 1 mm × 1 mm, TE 2.3 ms, TR 2300 ms). Additional sequences (axial SE T2w and GRE T2\*, diffusion tensor imaging DTI wit 30 directions, fluid attenuated inversion recovery FLAIR) were acquired and analyzed to rule out concomitant disease such as ischemic stroke, subdural hematomas and susceptibility artifacts from prior hemorrhage or space-occupying lesions.

PET imaging
-----------

PET imaging was performed during routine clinical assessment using the following parameters: Quantitative images were created after two intravenous injections of about 800 MBq of 15OH~2~ separated by at least 90 min. The injection of acetazolamide was made 20 min before the second acquisition. For patients weighing more than 60 kg, 1 g was intravenously administered, for others the dose was reduced proportionally. The acquisition was performed on a standard high-resolution PET scanner with trans-axial images of the brain reconstructed using filtered back-projection (128 × 128 matrix, 35 slices, 2.34 mm × 2.34 mm × 4.25 mm voxel size) on non--decay-corrected data. Parametric images were obtained following a previously published approach\[[@B13]\]. CVR maps are generated by comparison of pre- and post-acetazolamide images.

SPECT imaging
-------------

SPECT imaging was performed during routine clinical assessment using the following parameters (known as "split-dose" protocol): "Baseline images" were acquired 20 min after the intravenous injection of 300 MBq of 99m-Tc-HMPAO. Subsequently, 1000 mg of acetazolamide were administered (slow infusion over 5 min) under blood pressure and heart rate monitoring. Twenty minutes later, a second dose of 600 MBq of 99m-Tc-HMPAO was injected and "acetazolamide images" were acquired 20 min after administration. The 2 acquisitions are made on a triple head gama-camera (Toshiba Medical Systems Corporation), equipped with fan beam, low-energy, high-resolution collimators. Sixty projection over 360 degrees were acquired. Filtered back projection reconstruction was done using a 128 × 128 matrix and applying a uniform Chang attenuation correction. Equivalent to PET, CVR maps are generated by comparison of pre- and post-acetazolamide images.

CO~2~BOLD data post-processing
------------------------------

The CO~2~BOLD data were processed with the free FSL software (FMRIB Software Library, version 5.0.2.1; [www.fmrib.ox.ac.uk/fsl](www.fmrib.ox.ac.uk/fsl)). The essential processing steps include motion correction, spatial smoothing (10 mm filter size) and masking of non-brain voxels using brain extraction tool (BET, part of FSL). We then calculated parametric maps of the SURROGATE CVT response using an adapted ON-OFF regressor, which was convolved with a square basic shape corresponding to the ON-OFF CO~2~ inhalation. This schematic curvature was modified with a Gaussian convolution where the sigma factor was change. We calculated the maps with different models of sigma curvature to take into account delayed vascular response due to the proximal vascular stenosis. The delay was varied as 30, 45, 60, 75, 90 and 120 s to model variable speed of the CO~2~ induced BOLD response (Figure [2](#F2){ref-type="fig"}). Both readers had all 6 maps available for the comparison between BOLD and PET/SPECT and reported that they preferentially used the 90 and 120 maps because the other maps were less informative.

![CO~2~BOLD cerebrovascular reserve maps in axial view. To take into account delayed vascular response due to the proximal vascular stenosis, the delay of the CO~2~ induced BOLD response was varied from 30, 45, 60, 75, 90 to 120 s. Units = Z value. CVR: Cerebrovascular reserve.](WJR-8-887-g002){#F2}

Visual analysis
---------------

The visual analysis of the surrogate CVT maps derived from CO~2~BOLD MRI, PET and SPECT images was independently performed by two neuroradiologists (Figure [3](#F3){ref-type="fig"} for an example case) and the ratings were considered as independent points. All cases and all imaging modalities were independently evaluated in four vascular territories: Left/right anterior cerebral artery (ACA) and left/right middle cerebral artery (MCA) territory based on a three point rating system: 0 = no reduction in CVR, 1 = mild reduction in CVR, 2 = severe reduction in CVR.

![Axial images of a sample patient showing reduced cerebrovascular reserve on the left hemispheric anterior cerebral artery and middle cerebral artery territories without any diminution of the cerebrovascular reserve in the cerebellum for positron emission tomography, CO~2~BOLD and single photon emission computed tomography and axial T2. The readings for the territories right ACM, right anterior cerebral artery (ACA), left ACM and left ACA were 0 (normal), 0, 2 (substantial reduction), 2 for reader A and 1, 0, 2, 2 for reader B for PET, 0, 1, 2, 2 and 1, 0, 2, 2 for CO~2~BOLD and 1, 1, 2, 2 and 1, 1, 2, 2 for SPECT. 0 = no reduction in CVR, 1 = mild reduction in CVR, 2 = severe reduction in CVR Color-scales represent: PET: Normalized accumulated activity, dimensionless under the assumption that 1 mL of tissue weights 1 g. BOLD: Statistical *Z* value, SPECT: Relative counts, normalized to the mean counts in the cerebellum, dimensionless. PET: Positron emission tomography; SPECT: Single photon emission computed tomography; BOLD: Blood oxygenation level dependent.](WJR-8-887-g003){#F3}

Statistical analysis
--------------------

In a first step, we calculated the inter-rater agreement between both raters separately for CO~2~BOLD, SPECT and PET using Cohen's kappa statistics with quadratic weighting.

In a second step, we binarized the results in order to calculate sensitivity and specificity values of CVR for the comparison of CO~2~BOLD *vs* PET/SPECT. This analysis was done within the clinical context, *i.e*., the presence of at least one territory with a substantial reduction of CVR is considered as indication for a treatment. This means that the CVR for both PET/SPECT or CO~2~BOLD was considered "reduced" when at least one vascular territory had a significant reduction of CVR, for example substantial reduction in left MCA and mild reduction in left ACA territory. Conversely, the CVR was considered as normal when no territory had a substantial reduction of CVR, for example mild reduction in both left ACA and MCA territories. Based on this classification, we calculated sensitivity, specificity, positive predictive value, negative predictive value and accuracy.

RESULTS
=======

Inter-rater agreement
---------------------

The inter-rater agreement was 0.81 for SPECT (excellent), 0.43 for PET (fair) and 0.7 for CO~2~BOLD (good).

Correspondence of CVR between CO~2~BOLD and PET/SPECT
-----------------------------------------------------

The correspondence of CVR assessment between CO~2~BOLD and PET/SPECT is illustrated in Table [2](#T2){ref-type="table"}. In 9/14 cases, there was a correspondence between CO~2~BOLD and PET/SPECT. In 4/14 cases, Surrogate CVT was significantly reduced in CO~2~BOLD but not in PET/SPECT, while in 1/14 case surrogate CVT was significantly reduced in PET/SPECT but not in CO~2~BOLD. Consequently, CO~2~BOLD tends to over-estimate the reduction in surrogate CVR compared to PET/SPECT. The sensitivity of CO~2~BOLD was 86% and a specificity of 43%.

###### 

Concordance between CO~2~BOLD and positron emission tomography/single photon emission computed tomography

                         **PET/SPECT pathologic**   **PET/SPECT normal**   
  ---------------------- -------------------------- ---------------------- ---------
  CO~2~BOLD pathologic   6                          4                      PPV 60%
  TP 43%                 FP 29%                                            
  CO~2~BOLD normal       1                          3                      NPV 75%
  FN 7%                  TN 21%                                            
                         SENS 86%                   SPEC 43%               ACC 64%

TP: True positive; TN: True negative; FP: False positive; FN: False negative; SENS: Sensitivity; SPEC: Specificity; PPV: Positive predictive value; NPV: Negative predictive value; ACC: Accuracy; PET: Positron emission tomography; SPECT: Single photon emission computed tomography.

DISCUSSION
==========

The assessment of surrogate CVR using CO~2~BOLD and a simple nasal cannula approach in MRI in the pre-surgical evaluation and follow-up of moyamoya patients combines the advantages of: (1) absent irradiation notably in the context of serial follow-up; (2) minimal experimental setup; (3) high patient comfort; and (4) the simultaneous assessment of brain parenchyma (acute/old vascular lesions), vessels (progression of vascular stenosis) and CVR in only one imaging session.

The assessment of surrogate CVR in CO~2~BOLD compared to the reference standard PET/SPECT provided a good sensitivity of 86% yet a relatively low specificity of 43%. The relatively high sensitivity is of particular interest in the clinical context of pre-surgical evaluation of CVR. CO~2~BOLD could therefore be used as a screening modality for reduction of surrogate CVR in the pre-surgical evaluation and follow-up of moyamoya patients, and in case of a pathologic result of CO~2~BOLD the reference standard techniques PET or SPECT could be performed in a second step. Moreover, our results show that CO~2~BOLD tends to over-estimate the reduction of surrogate CVR with respect to the reference standard techniques PET or SPECT. Taking this knowledge into account during the interpretation of the CO~2~BOLD CVR maps could therefore further improve the sensitivity and specificity of this technique in the future. Moreover, as the CO~2~BOLD challenge includes contributions from CBF, cerebral blood volume, and oxygenation changes, and is thus more complex than simple CBF change assessed in PET or SPECT. Future direct comparisons of CO~2~BOLD *vs* PET or SPECT, ideally in a larger sample size or model, might assess the differences between CO~2~BOLD surrogate CVR and PET/SPECT CVR in more detail. The inter-rater reliability of CO~2~BOLD is in the range of the reference techniques PET and SPECT.

A few previous investigations already successfully CVR in moyamoya patients based on BOLD imaging. Heyn et al\[[@B12]\] investigated 11 patients with moyamoya using a tight-fitting facemask demonstrated good correlated of CVR maps with conventional angiography disease stage. Mandell et al\[[@B13]\] investigated CVR based on BOLD in several vascular diseases including 12 patients with moyamoya again using a tight facemask with a rebreathing bag and found good correlation with arterial spin labeling (ASL). A follow-up study by the same group demonstrated that preoperative CO~2~BOLD CVR predicts the hemodynamic effect of ECIC bypass using the same computer-controlled gas blender and a tight facemask\[[@B17]\]. The BOLD technique may also be used to assess treatment effect in pre- *vs* post-operative moyamoya disease\[[@B14]\]. Han et al\[[@B15]\] used a computer-driven gas blender and a tight facemask in thirteen pediatric moyamoya patients and were able to reliably derive CVR maps. The advantage of tight facemasks and gas blenders is not only the more accurate delivery of the CO~2~ stimulus, but also the possibility of assessment of the end tidal CO~2~ concentration for quantification. An alternative approach for the assessment of CVR is the breath-hold technique\[[@B20]\]. Thomas et al\[[@B16]\] used a breath-hold challenge in eight consecutive pediatric moyamoya patients and found that while all breath-hold challenge during general anesthesia resulted in best quality CVR maps, only 42% of studies without general anesthesia yielded best quality CVR maps. Finally, a previous study Shiino et al\[[@B18]\] validated CO~2~BOLD CVR against acetazolamide SPECT CVR in 17 healthy subjects and 10 patients with severe ICA steno-occlusive disease, including 2 patients with moyamoya disease. In summary, these previous results indicate that CVR maps can reliably be assessed using tight facemasks while a simple breath-hold technique might not be sufficient to obtain high-quality CVR maps in all patients. With respect to these previous investigations, the current study differs in two main aspects. First, we used a very simple nasal cannula for CO~2~ stimulation to obtain a simple experimental setup which does not interfere with the other MR imaging sequences yet still allows reliable CVR map generation. While this approach evidently is not as accurate as the use of a computer-driven gas blender and a tight facemask, we consider this as a clinically acceptable compromise to obtain CVR maps with a simple and widely applicable setup, which does not interfere with patient comfort during the acquisition of the other MRI sequences. Second, we directly compare the surrogate CVR maps to PET/SPECT as references standard.

An alternative approach for the assessment of CVR in MRI is an acetazolamide challenge during ASL imaging, which was successfully applied in several recent investigations\[[@B21]-[@B25]\]. The advantage of ASL is the estimation of semi-quantitative relative cerebral blood flow (relCBF) maps. However, the intravenous injection of acetazolamide is more invasive than the inhalation of CO~2~ *via* a nasal cannula in setup of the current CO~2~BOLD study. Advantages of CO~2~BOLD are the in general higher signal to noise ratio. Moreover, one BOLD sequence with ON-OFF CO~2~ challenge is enough, while ASL usually requires two sequences before and after intravenous acetazolamide injection, and a delay between injection and image acquisition results in an overall longer exam time. Moreover, transit delay may interfere with ASL imaging notably in the context of significant vascular stenosis in moyamoya. Future head-to-head comparison of CO~2~BOLD *vs* acetazolamide ASL are required to determine which MRI technique has the better test performance.

Limitations
-----------

One of the major limitations of the current investigation is the limited sample size of ten patients with 14 pre-surgical follow-up investigations. This sample size should however be considered in light of the very low prevalence of moyamoya syndrome of 3/1000000 in European countries\[[@B3]\]. Consequently, the previous related studies discussed above include 8\[[@B16]\], 11\[[@B12]\], 12\[[@B13]\] and 13 pediatric\[[@B15]\] patients with moyamoya. It is also important to note that the vasodilation induced by acetazolamide is stronger than the vasodilation induced by the inhalation of CO~2~ *via* a simple nasal cannula. Another factor, which can be discussed, is the application of the CO~2~ *via* a simple nasal cannula instead of the alternative approach of a tight face-mask that separates in-flow and out-flow. Such a tight face-mask allows for a much more precise application and monitoring of the applied CO~2~ concentration, however at the cost of a significantly more complex experimental setup, reduced patient comfort during the entire scanning also including anatomic MR sequences and usually increased motion artifacts. As discussed in detail before\[[@B11],[@B19]\], such systems are undoubtedly more precise and appropriate notably for research settings. For example, as we cannot precisely estimate the degree of hypercapnia achieved by the CO~2~ challenge, which can vary from scan to scan, the current simple nasal cannula technique may not normalized CVR maps with respect to hypercapnia to reduce inter-scan variability during serial follow-up. However, the minimal experimental setup and patient comfort are in our opinion of paramount importance for potential widespread clinical applications of CO~2~BOLD CVR imaging and arguments in favor of the simple nasal cannula setup. As described above, the CVR assessment based on CO~2~BOLD was validated already in 2003\[[@B18]\] yet did not make the transition into widespread clinical use and instead remains limited to very few academic centers. This is probably at least in part due to fact that most previous studies use expensive and complicated computer-controlled gas blenders and tight facemasks reducing patient comfort. We deliberately take into account shortcomings with respect to the precision of CO~2~ application and monitoring using the nasal cannula approach, yet still obtained a CVR map of diagnostic quality in all cases. This approach was already successfully applied to study patients with vascular stenosis of the internal carotid artery\[[@B11]\].

The CO~2~BOLD technique using a simple nasal cannula approach can be used for pre-surgical assessment of surrogate CVR in patients with moyamoya syndrome and combines the advantages of absent irradiation, patient comfort, simple experimental setup, high availability of MRI and assessment of brain parenchyma, cerebral vessels and surrogate CVR in one stop.

COMMENTS
========

Background
----------

Moaymoya disease may cause stroke due to a reduction in cerebral blood flow. In order to decide when and if an intervention is needed, it is necessary to assess the capacity of the brain to respond.

Research frontiers
------------------

It is important to develop new MR based techniques to replace the currently performed nuclear medicine techniques such as positron emission tomography (PET) and single photon emission computed tomography (SPECT).

Innovations and breakthroughs
-----------------------------

The authors find that MR perfusion with COBOLD technique can reliably investigate cerebrovascular reserve (CVR).

Applications
------------

The use of MR based COBOLD will allow to easily test the CVR inpatients with moyamoya and other diseases.

Peer-review
-----------

This is a useful study for assessing the patients with moyamoya disease.
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